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XistYY1 located within two newly identiﬁed downstream genes of YY1, Peg3
(GGCGCCATnTT) and Xist (CCGCCATnTT), are longer than the known motif of YY1 (CGCCATnTT). Gel shift
assays indicated that these DNA-binding sites are previously unnoticed, longer motifs of YY1. Independent
DNA-binding motif studies further conﬁrmed that YY1 recognizes a longer sequence (GCCGCCATTTTG) as its
consensus motif. This longer motif exhibited higher afﬁnity to the YY1 protein than the known motif.
Another DNA-binding motif study was also performed using a protein containing three amino acid
substitutions in the ﬁrst zinc ﬁnger unit of YY1, mimicking the zinc ﬁnger domain of pho (a drosophila
homologue of YY1). The substitutions cause the weakening of DNA-binding speciﬁcity at both 5′- and 3′-
sides of the longer motif, yielding a much shorter sequence (GCCAT) as a consensus motif. This indicates that
the intact ﬁrst ﬁnger unit is required for recognition of the longer motif of YY1. Also, this shortening suggests
that the DNA recognition by YY1 is mediated through the concerted, but not modular, contribution by its four
zinc ﬁnger units.
© 2008 Elsevier Inc. All rights reserved.Introduction
The mammalian transcription factor YY1 is a ubiquitously ex-
pressed, multifunctional protein that can function as an activator,
repressor, or initiator binding protein [1–4]. YY1 controls the trans-
cription of a large number of genes and also interacts with various
protein partners, including coactivators, corepressors, and other
transcription factors. Recent studies reported that YY1 is involved in
many important processes, such as embryonic development, cell cycle
progression, oncogenesis, genomic imprinting, and X chromosome
inactivation [5–9].
YY1 contains four C2H2-type zinc ﬁnger units at its C-terminal
region, and the structure of YY1 bound to one of its binding sites,
the P5 initiator of the AAV (Adeno-Associated Virus), was revealed by
X-ray crystallography [10]. The DNA-binding motifs of YY1 were
determined through PCR-based selection of randomized sequences
with both bacterially expressed and partially puriﬁed endogenous
proteins of YY1 [11,12]. The consensus motif derived from each study
is similar to the conﬁrmed binding sites of YY1 that are located within
several promoters [13,14]. We also identiﬁed multiple YY1 binding
sites that are located within the critical regions of the Peg3 and Xist
imprinted domains [7,15]. Interestingly, these binding sites turn out to
be longer than the previously known DNA-binding motifs of YY1.
In the current study, we have further characterized the longer
DNA-binding motifs of YY1 located within Peg3 and Xist in terms of
their functional signiﬁcance and afﬁnity to the YY1 protein. Accordingl rights reserved.to DNA-binding motif studies, these longer motifs are indeed pre-
viously unrecognized DNA-binding sites of YY1 and the extension of
the YY1 motifs appears to increase their binding afﬁnity to the YY1
protein. Also, the ﬁrst ﬁnger unit of the YY1 protein is responsible for
recognizing the extended portion of the longer motifs.
Results
Identiﬁcation of the longer DNA-binding motifs of YY1 in the Peg3 and
Xist domains
The imprinting control regions of Peg3 and Xist contain unusual
tandem arrays of YY1 binding sites, which are well conserved among
different mammalian species. These conserved YY1 binding sites are
slightly longer than the known consensus motif of YY1: GGCG-
CCATnTT for Peg3 and CCGCCATnTT for Xist vs. CGCCATnTT for the
known consensus (n means any base). To further characterize the
signiﬁcance of these longer sites, we analyzed the genomic sequences
of the ﬁrst intron of Peg3 in 6 different species of mammals: human,
chimp, mouse, cow, rhesus and dog. As shown in Fig. 1A, 9 to 14 YY1
binding sites are localizedwithin a 4-kb interval in the genome of each
species. One motif (GGCGCCATnTT) appears to be the dominant form
within each species. This motif corresponds to 30% of the YY1 binding
sites in human, rhesus and chimp, and about 70% in mouse, cow and
dog. Even some of the other variant YY1 binding sites appear to have
been derived from this dominant motif since they contain one base
change at the CpG dinucleotide site, either as TpG or CpA. In particular,
4 to 5 binding sites from human, chimp and rhesus show this type of
mutational change. The change of CpG to either TpG or CpA in
Fig. 1. Evolutionary conservation of multiple YY1 binding sites in the Peg3 and Xist regions. (A) The genomic structure of the Peg3 domain and the multiple YY1 binding sites located
in the 1st intron of Peg3 in six different species. (B) The genomic structure of Xist and the multiple YY1 binding sites within the 2nd promoter of Xist in ﬁve species. The arrows and
the black boxes indicate transcriptional direction and exons of each gene, respectively. The Xist gene has two different transcription start sites. Arrowheads indicate the positions of
multiple YY1 binding sites. The relative position and spacing of individual YY1 binding sites are shownwith mouse Peg3 and Xist loci. The longer YY1 motif derived from each of the
two loci is bold-typed in the top of each ﬁgure. The YY1 binding sites matched perfectly with the longer motif are underlined.
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and subsequent deamination of the cytosine base. This is consistent
with the fact that the Peg3 is an imprinted gene, one allele of which is
always repressed by DNA methylation.
We also analyzed the longer form of YY1 motifs found in Xist using
the genomic sequences derived from 5 mammalian species, including
human, mouse, cow, horse and rabbit. As shown in Fig. 1B, 3 to 10
binding sites of YY1 are found in the 700-bp genomic region of the
second promoter of Xist. About half of the total YY1 binding sites
derived from the ﬁve species correspond to one type of motif
(CCGCCATnTT). Notably, all of the three YY1 binding sites in mouse
Xist are the same motif (CCGCCATnTT) and two sites contain an
additional G at their 5′-ends (GCCGCCATnTT). In sum, the genomic
regions of Peg3 and Xist both contain evolutionarily conserved YY1
motifs that are slightly longer than the known consensus motif.
Higher levels of DNA-binding afﬁnity by the longer motifs of YY1
Several studies have already performed independent DNA-binding
motif analyses using PCR-based selection schemes with randomized
oligonucleotides. However, these studies did not yield sequence
information beyond the CpG site of the binding motif (CGCCATnTT)
due to the following reason. A CpG nucleotide was accidentally in-
cluded as part of the non-randomized vector region, and yet all of theFig. 2. DNA-binding motifs of YY1. (A) The sequences of the DNA bound by YY1 are shownwi
in the randomized oligonucleotide (N7CCN7). The identiﬁed DNA-binding motifs of YY1 a
consensus motif. The total number of analyzed sequences is indicated inside the parenthesi
preferences at positions ﬂanking the preﬁxed CC bases. The bold-typed number indicates th
shown in the bottom low. The same consensus sequence was also independently conﬁrm
graphical representation on the right.selected sequences used this CpG site as part of their YY1 binding sites.
Thus, the sequence information beyond the CpG site could not be
derived in these studies [11,16]. To circumvent this problem, we have
used a slightly modiﬁed randomized oligonucleotide: CGT(N)7CC
(N)7ACG. Thymine and adenine bases were inserted into the left and
right border regions, respectively, between the ﬂanking vector regions
and the middle randomized portion of the oligonucleotide. We have
also positioned two preﬁxed cytosine bases, CC, in the middle of the
randomized portion since the core DNA-bindingmotif of YY1 contains
two cytosines (CCAT). This scheme was designed to ensure a potential
YY1 binding site to be localized in the middle of the oligonucleotide,
which would eventually allow us to determine consensus bases at the
positions beyond the CpG dinucleotide.
We performed six rounds of selection using this oligonucleotide
with a GST-YY1 fusion protein that contains the 4 zinc ﬁnger units of
YY1 protein. The bound oligonucleotides were eluted, subcloned and
sequenced as shown in Fig. 2A. As expected, 24 out of 40 sequences
contain the exact same sequence as the known consensus motif
(CGCCATnTT), while the remaining sequences have one to three base
differences from this motif. We counted base preference at each
position from both sides of the ﬁxed CC bases (Fig. 2B). Tabulation of
these preferences indeed derived a longer DNA sequence, GCCG-
CCATTTTG, as the major DNA-binding motif of YY1. An independent
analysis using the sequence logos program also conﬁrmed thisth their clone numbers on the right side. The underlined CC or GG is the preﬁxed portion
re marked in red, while the bases marked in blue indicate those that differ from the
s. (B) The sequences of the bound DNA were summarized as a table to show nucleotide
e most prevalent base at each position. The consensus sequence of the longer motif is
ed through the sequence logos program (http://weblogo.berkeley.edu/) as shown as a
155J.D. Kim, J. Kim / Genomics 93 (2009) 152–158consensusmotif (Fig. 2B). This new 12-bp-longmotif has two (GC) and
one (G) additional bases at its 5′- and 3'-ends, respectively, than the
known 9-bp-long consensus motif of YY1. This conﬁrms that the YY1
protein indeed recognizes sequences longer than the previously
known 9-bp-long consensus motif. Careful examination of the
selected sequences also revealed that the two longer motifs of YY1
found in Peg3 and Xist were indeed included in this pool of selected
sequences.
We performed a series of gel shift assays to further characterize the
functional signiﬁcance of the longer YY1 motifs (Fig. 3). We prepared 5
different duplex probes containing slight base differences at their 5′-
and 3′-ends. The GCC probe corresponds to the longer consensus motif
(GCCGCCATnTTG) whereas the GGC probe has one base difference at
the 2nd position (C-NG), representing the YY1motif in Peg3. The GCC-A
probe has a base difference at the 12th position (G-NA); the ACC probe
at the 1st position (G-NA) to represent the motif from Xist; and the AAC
probe at the 1st and 2nd positions (GC-NAA) to represent the 9-bp-long
consensus motif. According to the results from competition assays, the
GCC probe showed the highest levels of binding afﬁnity to the YY1
protein; the GGC, GCC-A, and ACC probes exhibited the second highest
levels; and ﬁnally the AAC probe showed the lowest levels among the
ﬁve probes. The relative binding afﬁnity of the GCC vs. GGC, ACC, and
AAC probes was further demonstrated by reciprocal competition assays
(Fig. 3C). These assays reconﬁrmed higher afﬁnity of the GCC probe
compared to the three probes. These probes differ by the two bases (GC)
at their 5′-ends. Therefore, the two extended bases (GC) on the 5′-end
appear to increase the binding afﬁnity of the YY1 protein to its target
DNAs. The GGC and ACC probes representing the YY1 motif of Peg3 and
Xist, respectively, also turn out to be stronger binding sites than the 9-
bp-long consensus motif of YY1 (Figs. 3A and C).
Recognition of the extended 5′-end bases by the ﬁrst zinc ﬁnger unit
of YY1
According to X-ray crystallography studies [10], the second, third
and fourth zinc ﬁnger units of the YY1 protein recognize the CTC, CATFig. 3. Comparison of DNA-binding afﬁnity between the longer and the known motifs of YY1
probe for the competition assays using 4 other duplexes. The sequences of these duplexes are
to competing probes: 1:10 and 1: 25 labeled by 10X and 25X, respectively. (C) Reciprocal com
using three different molar ratios: 1 to 5, 10, and 25. These gel shift assays used the HeLa nand TT portions of the YY1 binding site of the AAV promoter (5′-CTC-
CAT-CTT-3′). This predicts that the extended bases at the 5′-end of the
longer motifs will be recognized by the ﬁrst ﬁnger unit of the YY1
protein. The zinc ﬁnger domain of pho (a homolog of YY1 in the
Drosophila lineage) shows 5 amino acid differences compared to that
of vertebrates' YY1 (Fig. 4A). Three substitutions are found within the
ﬁrst zinc ﬁnger unit while the two remaining substitutions are in the
beginning portion of the fourth zinc ﬁnger unit. Concurrently, the
DNA-binding motif of pho is shorter (GCCAT) than that of YY1
(CGCCATnTT). This also supports the possibility that the ﬁrst zinc
ﬁnger unit may be responsible for recognizing the extended bases at
the 5′-side of the longer motif.
To conﬁrm the above possibility, we performed another series of
DNA binding analyses (Fig. 4B). We substituted the amino acids at
the three positions of the ﬁrst ﬁnger unit of YY1 with those found in
D. melanogaster (mutYY1). The GST-mutYY1 fusion protein was
expressed, and used for another DNA-binding motif study. Three out
of 26 bound DNAs contain an identical sequence to the known
consensus motif of YY1, but most of the bound DNAs contain much
shorter motifs than the YY1 consensus motif. Tabulation of base
preferences yielded one sequence, CCATT, as a dominant motif
among the selected sequences. This shorter motif is almost identical
to the known motif of pho, GCCAT, but with one base shift towards
the 3′-side direction. Thus, the motif shortening by the substitutions
conﬁrms that the extended bases on the 5′-side of YY1's longer
motifs are indeed recognized by the ﬁrst zinc ﬁnger unit of YY1.
Interestingly, 17 out of 26 bound DNAs have two core motifs (CCAT),
and these selected sequences did not use the preﬁxed CC bases of
the randomized oligonucleotide, CGT(N)7CC(N)7ACG, as part of their
binding sites. Instead, the shorter binding sites were formed
independently within the two small randomized regions, (N)7. This
indicates that the amino acid substitutions have shortened the
overall size of the DNA binding motifs, from 12 to less than 7 bp in
length. Also, although the substitutions are located in the ﬁrst ﬁnger
unit, the same changes affected the binding of the mutYY1 protein
to both the 5′- and 3′-ends of its target DNAs. This further implies. (A) The longer motif of YY1, represented by the GCC duplex, was used as a P32-labeled
shown on the right (B). These assays used two different molar ratios between the probe
petition assays between the GCC vs. GCC, GGC, ACC, and AAC duplexes were conducted
uclear extracts.
Fig. 4. DNA-binding motifs of mutYY1. (A) Amino acid sequence alignment of the zinc ﬁnger domains of vertebrate YY1 (aa 298–411) and ﬂy pho (aa 359–472). The dashes (-) and
single-letter codes in color indicate the amino acid residues identical to and different fromvertebrate YY1, respectively. Themutant version of YY1, mutYY1, contains three substituted
amino acids in the ﬁrst zinc ﬁnger unit. (B) The sequences of the DNA bound by the mutYY1 protein are shownwith their corresponding clone numbers. The uppercase sequences are
derived from the randomized portion of the oligonucleotide (N7CCN7) whereas the lowercase are from the ﬂanking vector regions (acgt-N7CCN7-acgt). The underlined CC or GG
dinucleotide corresponds to the preﬁxed portion of the oligonucleotide. The majority of the DNA bound by mutYY1 contains two YY1 core motifs (CCAT). This core motif in the
forward direction is marked in red, while the reverse in blue. (C) Nucleotide base preferences at positions ﬂanking the coremotif (CCAT). The star (⁎) in the parenthesis indicates that a
given nucleotide base is derived from the ﬁxed portion of the oligonucleotide (t or a, acgt-N7CCN7-acgt). A similar consensus was also independently derived using the sequence logos
program as shown on the bottom.
156 J.D. Kim, J. Kim / Genomics 93 (2009) 152–158that the DNA recognition by YY1 is mediated through an overall
protein structure contributed by its four zinc ﬁnger units, but not
through modular protein structures contributed by individual ﬁnger
units.
The DNA-binding of YY1 is methylation-sensitive: methylation on
the CpG dinucleotidewithin CGCCATnTT blocks the binding to the YY1
protein. According to the results described above, the same CpG site
appears to be recognized by the ﬁrst ﬁnger unit, which has the three
amino acid substitutions in the ﬂy lineage. Coincidently, the ﬂy
lineage, the host genome of pho, is known to have lost its DNA
methylationmechanism [17]. This suggests the possibility that the loss
of DNA methylation in the ﬂy lineage might have contributed to the
relaxation of functional constraints on the ﬁrst ﬁnger unit. If this is the
case, the pho protein should be methylation-insensitive. To test this
possibility, we determined the methylation sensitivity of the mutYY1
protein using gel shift assays (Fig. 5). Contrary to our prediction,
however, the mutYY1 proteinwas still methylation-sensitive, which is
similar to the YY1 protein. This refutes the initial prediction that the
three amino acid substitutions found in the pho protein may be an
outcome of relaxed constraints on the methylation-sensitivity of the
YY1 protein.Discussion
The current study revealed that the DNA-binding motifs of YY1
located within the two imprinted genes, Peg3 and Xist, are unusually
longer than the known consensus motif of YY1. These longer motifs
have two additional bases (either GG or GC) on their 5′-sides
compared to the known shorter motif (CGCCATnTT). These additional
bases are shown to be recognized by the ﬁrst ﬁnger unit of YY1, and
also increase their DNA-binding afﬁnity to the YY1 protein. Overall,
the recognition of the newly identiﬁed longermotifs requires an intact
protein structure contributed by the four ﬁnger units of the YY1
protein.
In the past decade, the DNA-binding motifs of YY1, represented by
a 9-bp-long consensus sequence (CGCCATnTT), have been conﬁrmed
repeatedly through independent binding motif studies as well as
promoter analyses of individual genes. In most cases, the sizes of the
identiﬁed YY1 binding sites are about 9 bp long or shorter. The X-ray
crystallography study also conﬁrmed that three zinc ﬁnger units of the
YY1 protein (Fingers 2 through 4 but not Finger 1) contact closely with
the 9-bp-long target DNA. Interestingly, however, Finger 1's contribu-
tion to DNA binding has not been well understood until now. The
Fig. 5.Methylation-sensitive DNA-binding of YY1 and mutYY1 proteins. Gel shift assays
were conducted using three different fusion proteins: GST-Con (Lane 1, 2) as a negative
control, GST-YY1 (Lane 3, 4) as a positive control, and GST-mutYY1 (Lane 5, 6)
mimicking the pho protein. These assays used two duplex probes with an identical
sequence, CSE2 and mCSE2, the sequence of which corresponds to one of the Peg3-YY1
binding sites. The only difference between these two probes is the presence of
methylation on the cytosine of the CpG dinucleotide (marked with ⁎) in the mCSE2
probe. The same set of CSE2 probes was previously used for testing the methylation-
sensitive DNA-binding of the endogenous YY1 protein [15].
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that Finger 1 recognizes two additional bases (either GC or GG) located
on the 5′-side of the longer motif (Fig. 2). Despite the observed higher
afﬁnity to the YY1 protein (Fig. 3), these motifs are not common to
all the known genes controlled by YY1, but are found in Peg3 and Xist
(14; Kang & Kim, unpublished). The exact reason for this scarcity is
unknown, but may be related to the following possibility. It is
plausible that the longer motif may induce a slightly different DNA-
bound structure of YY1 than the shorter motif due to the involvement
of Finger 1. The contact between Finger 1 and the DNA can be either
tight or loose depending upon long or short motifs, which may trigger
slightly different protein shapes in the adjacent N-terminal portion of
the YY1 protein. The N-terminal portion of YY1 has several small
protein domains that are very critical for various YY1 functions
[1,3,18]. Depending upon how Finger 1 contacts with the DNA, these
small protein domains could either go to the surface or interior of the
overall DNA-bound structure of YY1, which could eventually decide
the actual function of a given YY1 binding. Thus, we hypothesize that
the longer motifs may have different roles than the shorter motifs.
This possibility needs to be investigated in the near future, but it is
intriguing to point out the presence of the unusual longermotifs in the
two imprinted genes, Peg3 and Xist, one allele of which is unusually
repressed by DNA methylation. It will be of great interest to test if the
recognition of the additional bases by Finger 1 is a prerequisite for
special roles played by YY1, such as attracting DNA methylation to the
longer YY1 binding sites during development.
Each zinc ﬁnger unit of the C2H2 type can bind 2 to 4 bp long DNA,
and most zinc ﬁnger proteins of this type have more than 3 ﬁnger
units. Thus, a given zinc ﬁnger protein can easily recognize about 10-
bp-long DNA sequences. This is consistent with the fact that the YY1
proteinwith 4 ﬁnger units recognizes 9 to 12 bp-long DNA sequences.
Despite this prediction, however, most YY1 binding sites found in
individual genes are quite often shorter forms, represented by a core
motif (GCCAT). This suggests that different ﬁnger units may have
different levels of contribution to recognizing their target DNA
sequences. In the case of YY1, the two internal ﬁnger units (Fingers
2 and 3) probably have much more contribution to selecting DNA
sequences since Fingers 2 and 3 are known to contact with the coremotif (Fig. 4) [10,16]. This also agrees with the somewhat unexpected
outcome of the three amino acid substitutions in Finger 1 of YY1
(Fig. 4). The changes resulted in the shortening of the YY1 binding
motif instead of inducing slightly different 9 to 12 bp-long motifs. A
similar pattern is often observed from other zinc ﬁnger proteins with
multi-ﬁnger units. For example, the 11-ﬁnger CTCF protein binds to
14-bp-long consensus motifs, and only 5 internal ﬁnger units (Fingers
4 through 8) are responsible for recognizing its consensus motif [19].
It is interesting to note that internal ﬁngers, not outside ﬁngers, have
more contribution to recognizing DNAs in both YY1 and CTCF
proteins. The detailed nature of DNA binding by C2H2-type zinc
ﬁnger proteins needs to be studied more, but the results in this study
suggests that individual zinc ﬁnger units have different levels of
functional contributions.
Materials and methods
Sequence analyses
The genomic sequences of Peg3 and Xist were obtained through a
series of database searchesusingNCBI, University of California SantaCruz
and Ensembl databases. YY1 binding sites were identiﬁed from the
following genomic sequences, human (GenBank accession no.
NC_000019.8, 62015615…62045876), chimpanzee (NC_006486.2,
62665221…62697348), mouse (NC_000073.5, 6658671…6683130),
cow (NC_007316.2, 62353384…62376892), rhesus (NW_001106534.1,
62714070…62737530) anddog (NC_006583.2,104184489…104227960)
for the 1st intron region of Peg3, and human (M_97168), mouse
(M_97167), cow (AF_104906), horse (U_50911) and rabbit (U_50910)
for the 2nd promoter of Xist. We also used bl2seq (www.ncbi.nlm.nih.
gov/BLAST/) to show the sequence variation of the zincﬁnger domains of
human YY1 (NP_003394.1) and Drosophila melanogaster pho
(NM_079891.2).
Expression of fusion proteins and DNA-binding motif study
The zinc ﬁnger regions of YY1 (NM_0095372.2) and mutYY1 were
ampliﬁed from mouse brain cDNAs by the following primer sets: YY1
(mYY1Zn5, 5′-CCAAGAACAATAGCTTGCCCTC-3′ and mYY1Zn3, 5′-
TCACTGGTTGTTTTTGGCTTTAGCG-3'), mutYY1 (PhoZn5, 5′-ATAGCTTG-
CCCTCATAAAGGCTGCAACAAGCATTTCAGGGATAGCTCTGC-3′ and
mYY1Zn3, 5'-TCACTGGTTGTTTTTGGCTTTAGCG-3′). The ampliﬁed pro-
ductswereﬁrst cloned into thepCR4-TOPOvector (Invitrogen), and later
transferred to the EcoRI site of the pGEX-4T-2 vector (Amersham
Biosciences). The constructed vectors were transformed into BL21 (DE3)
competent cells for bacterial expression (Stratagen). The optimum
induction of the constructs by IPTG was monitored through SDS-PAGE
analyses.
DNA-binding motif studies were conducted as described in the
previous studies with the following modiﬁcations [16]: 6 rounds of
selection were performed with slightly different randomized oligo-
nucleotides. Randomized duplex DNAs were prepared with PCR
(Maxime PCR premix kit, Intron Biotech) using the following oli-
gonucleotides: 10 ng of a randomized template, NTCC57, 5′-CTG-
TCGGAATTCGCTGACGT(N)7CC(N)7ACGTCTTATCGGATCCTACGT-3′;
0.1 μg of two primers, UpNt, 5′-CTGTCGGAATTCGCTGACGT-3′ and
DwNt, 5′-ACGTAGGATCCGATAAGACG-3′. After 6 rounds of DNA
binding and ampliﬁcation, the DNAs were subcloned into pCR4-
TOPO vector (Invitrogen). For each fusion protein, 30 to 40 cloneswere
puriﬁed and sequenced.
Gel shift assay of DNA-binding motifs
The Gel Shift Assay system (Promega) was used for DNA binding
assay. About 5 μg of HeLa nuclear extract (Promega) or 50 μg of E. coli
total extract containing each fusion protein was used for each experi-
158 J.D. Kim, J. Kim / Genomics 93 (2009) 152–158ment with the [γ-32P] ATP-labeled duplex probes: GCC-a, 5′-CGCTCCG-
TGCCGCCATTTTGGGCGGCTGGT-3′, and GCC-b, 5′-ACCAGCCGCCCAAAA-
TGGCGGCACGGAGCG-3′; GGC-a, 5′-CGCTCCGTGGCGCCATTTTGGGCGG-
CTGGT-3′, and GGC-b, 5′-ACCAGCCGCCCAAAATGGCGCCACGGAGCG-3′;
GCC-A-a, 5′-CGCTCCGTGCCGCCATTTTAGGCGGCTGGT-3′, and GCC-A-b,
5′ACCAGCCGCCTAAAATGGCGGCACGGAGCG-3′; ACC-a, 5′-CGCTCCGT-
ACCGCCATTTTGGGCGGCTGGT-3′, and ACC-b, 5′-ACCAGCCGCCCAAAAT-
GGCGGTACGGAGCG-3′; AAC-a, 5′-CGCTCCGTAACGCCATTTTGGGCGGC-
TGGT-3′, and AAC-b, 5′-ACCAGCCGCCCAAAATGGCGTTACGGAGCG-3′,
CSE2-a, 5′-CCCACCCACCTGGGCGCCATCTTTAATGAAAG-3′, and CSE2-b,
5′-CTTTCATTAAAGATGGCGCCCAGGTGGGTGGG-3′; mCSE2-a, 5′-CCCA-
CCCACCTGGGC⁎GCCATCTTTAATGAAAG-3′, and mCSE2-b, 5′-CTTTCAT-
TAAAGATGGC⁎GCCCAGGTGGGTGGG-3′. For the competition binding
assay, unlabeled duplex competitors with varying amounts (0, 5,10, and
25 fold) were pre-incubated with the HeLa nuclear extract before
adding radiolabeled duplex probes.
Acknowledgment
This study was supported by NIH grant GM66225 (to J.K.).
References
[1] S. Gordon, G. Akopyan, H. Garban, B. Bonavida, Transcription factor YY1: structure,
function, and therapeutic implications in cancer biology, Oncogene 25 (2006)
1125–1142.
[2] Y. Shi, J.S. Lee, K.M. Galvin, Everything you have ever wanted to know about Yin
Yang 1, Biochim. Biophys. Acta 1332 (1997) F49–66.
[3] M.J. Thomas, E. Seto, Unlocking the mechanisms of transcription factor YY1: are
chromatin modifying enzymes the key? Gene 236 (1999) 197–208.
[4] K. Calame, M. Atchison, YY1 helps to bring loose ends together, Genes Dev. 21
(2007) 1145–1152.[5] G. Sui, B. Affar el, Y. Shi, C. Brignone, N.R.Wall, P. Yin,M. Donohoe,M.P. Luke, D. Calvo,
S.R. Grossman, Yin Yang 1 is a negative regulator of p53, Cell 117 (2004) 859–872.
[6] B. Affar el, F. Gay, Y. Shi, H. Liu, M. Huarte, S. Wu, T. Collins, E. Li, Essential dosage-
dependent functions of the transcription factor yin yang 1 in late embryonic
development and cell cycle progression, Mol. Cell. Biol. 26 (2006) 3565–3581.
[7] J.D. Kim, A.K. Hinz, A. Bergmann, J.M. Huang, I. Ovcharenko, L. Stubbs, J. Kim,
Identiﬁcation of clustered YY1 binding sites in imprinting control regions,
Genome Res. 16 (2006) 901–911.
[8] J.D. Kim, A.K. Hinz, J.H. Choo, L. Stubbs, J. Kim, YY1 as a controlling factor for the
Peg3 and Gnas imprinted domains, Genomics 89 (2007) 262–269.
[9] M.E. Donohoe, L.F. Zhang, N. Xu, Y. Shi, J.T. Lee, Identiﬁcation of a Ctcf cofactor, Yy1,
for the X chromosome binary switch, Mol. Cell 25 (2007) 43–56.
[10] H.B. Houbaviy, A. Usheva, T. Shenk, S.K. Burley, Cocrystal structure of YY1 bound to the
adeno-associatedvirusP5 initiator, Proc.Natl. Acad. Sci. U. S. A.93 (1996)13577–13582.
[11] R.P. Hyde-DeRuyscher, E. Jennings, T. Shenk, DNA binding sites for the
transcriptional activator/repressor YY1, Nucleic Acids Res. 23 (1995) 4457–4465.
[12] S.R. Yant, W. Zhu, D. Millinoff, J.L. Slightom, M. Goodman, D.L. Gumucio, High
afﬁnity YY1 binding motifs: identiﬁcation of two core types (ACAT and CCAT) and
distribution of potential binding sites within the human beta globin cluster,
Nucleic Acids Res. 23 (1995) 4353–4362.
[13] A. Shrivastava, K. Calame, An analysis of genes regulated by the multi-functional
transcriptional regulator Yin Yang-1, Nucleic Acids Res. 22 (1994) 5151–5155.
[14] J. Schug, W.P. Schuller, C. Kappen, J.M. Salbaum, M. Bucan, C.J. Stoeckert Jr.,
Promoter features related to tissue speciﬁcity as measured by Shannon entropy,
Genome Biol. 6 (2005) R33.
[15] J. Kim, A. Kollhoff, A. Bergmann, L. Stubbs, Methylation-sensitive binding of
transcription factor YY1 to an insulator sequence within the paternally expressed
imprinted gene, Peg3, Hum. Mol. Genet. 12 (2003) 233–245.
[16] J.D. Kim, C. Faulk, J. Kim, Retroposition and evolution of the DNA-binding motifs of
YY1, YY2 and REX1, Nucleic Acids Res. 35 (2007) 3442–3452.
[17] Y. Wang, M. Jorda, P.L. Jones, R. Maleszka, X. Ling, H.M. Robertson, C.A. Mizzen,
M.A. Peinado, G.E. Robinson, Functional CpG methylation system in a social
insect, Science 314 (2006) 645–647.
[18] F.H. Wilkinson, K. Park, M.L. Atchison, Polycomb recruitment to DNA in vivo by the
YY1 REPO domain, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 19296–19301.
[19] M. Renda, I. Baglivo, B. Burgess-Beusse, S. Esposito, R. Fattorusso, G. Felsenfeld, P.V.
Pedone, Critical DNA binding interactions of the insulator protein CTCF: a small
number of zinc ﬁngers mediate strong binding, and a single ﬁnger–DNA interaction
controls binding at imprinted loci, J. Biol. Chem. 282 (2007) 33336–33345.
